Introduction
Substitution of fossil fuel with biofuel, including wood chips produced from forest biomass residues, is projected to increase in the coming decades as a contribution to the commitment in the Kyoto Protocol and the development of a sustainable and domestic energy supply system in Europe (European Commission 1997) . However, the removal of forest biomass residues increases the export of nutrients from the forest and, at variance with the principles of sustainable forest management, potentially speeds up the degradation of production potential (Raulund-Rasmussen et al. 2008) . Traditional firewood and whole-tree chips from first, second, and sometimes third thinnings are the most common primary forest biomass sources used in Danish energy production. In other countries there is also a large interest in the potential of precommercial thinnings. The utilization of whole-tree chips from thinnings is now so extensive in Denmark that the potential for increased use from this source is insignificant (Nord-Larsen and Heding 2003) . , the total harvested volume from forests in Denmark was 1.8-1.9 Â 10 6 solid m 3 , and of these about 20% was harvested as wood chips (Statistics Denmark 2007) . The upper diameter at breast height limit for whole-tree harvesting is presently 12-16 cm (Nord-Larsen and Heding 2003) , but occasionally trees with stems as large as timber size, about 30 cm in diameter, are chipped.
As a mitigation measure against increased nutrient removals in whole-tree harvesting, the Danish Forest and Nature Agency recommends that trees are cut and left to dry in the stand for one summer season (Billeschou and Klitgaard 1985) . Transpiration after cutting causes shedding of nutrient-rich needles, with associated reductions in nutrient removals being relatively large compared with the reduction in biomass yields. Various techniques have also been suggested for leaving some portion of fresh biomass directly in connection with cutting and harvesting (Koistinen and Ä ijälä 2005) .
This study addresses questions about the efficiency of predrying as a measure for retaining the nutrients in the stand and about how nutrient removals can be estimated in general. Estimates of nutrient removals can be obtained by combining biomass equations (e.g., Marklund 1988; Wirth et al. 2004; Zianis et al. 2005 ) with information on nutrient concentrations in biomass (e.g., Kimmins et al. 1985) or by directly applying nutrient equations to individual trees (e.g., Andersson et al. 1998) or stands (e.g., Augusto et al. 2000) . For Denmark, such knowledge is scarce, usually site specific, or addresses only a single tree component (e.g., Ingerslev and Hallbäcken 1999; Bergstedt and Olesen 2000; Skovsgaard et al. 2006) .
Estimates of biomass and nutrient removals after predrying may be based on the assumption that all needles are lost during predrying. Norway spruce (Picea abies (L.) Karst) needles are shed relatively easily (Simola and Mäkelä 1976) . Despite this, needle shedding is not necessarily complete (Møller 2000) . The removed trees may furthermore be contaminated with topsoil that adds to the amount of biomass and nutrients removed. On the other hand, twigs, branches, and other tree material may also be lost during felling, handling, and chipping in the stand. Based on field observations, biomass removals after predrying have been quantified for logging residues on clearcuts (e.g., Thörnqvist 1984; Flinkman et al. 1986; Lehtikangas and Jirjis 1993) but only rarely for whole trees harvested in thinnings.
The aim of this study was to qualify general discussions on how to obtain acceptable harvesting intensities and on predrying as a method to reduce nutrient removals in whole-tree harvesting specifically. This was addressed by performing field experiments that allowed quantification of differences in harvesting intensity. Biomass and nutrient removals were compared for three contemporary harvesting intensities in thinnings of Norway spruce: harvesting of fresh whole trees, harvesting of predried whole trees, and harvesting of stems only. Two experimental stands in Denmark were used for the purpose. The effects of tree size, site, and stand conditions were analysed and discussed to determine whether biomass and nutrient removals after predrying can be modelled using existing knowledge and assuming complete needle shedding.
Materials and methods

Site description and experimental design
Sampling took place in two existing experiments designed to study the effect of whole-tree harvesting on stem volume increment. The experiments were established in [1989] [1990] in two even-aged Norway spruce stands at Klosterheden National Forest (klh) and Mangehøje Forest (mgh) (NordLarsen 2001; Nord-Larsen 2002) . Site and stand characteristics are presented in Table 1 . The stand at mgh consisted of about 95% Norway spruce and 5% silver fir (Abies alba Miller), with some silver firs still being present at the time of sampling. Both sites were situated in the western part of Jutland, Denmark, with a distance of about 10 km between them. The experiment on each site had a randomized block design with four treatments (harvesting intensities) and four blocks, with one replicate per block. Each plot was approximately 0.1 ha and surrounded by a 4 m wide buffer strip. Only three of the treatments were used in this study: wholetree harvesting in which the felled trees were removed immediately after thinning (fresh whole-tree harvesting, fwth); whole-tree harvesting in which the felled trees were left to dry in the stand for one growing season before they were removed (dry whole-tree harvesting, dwth), and harvesting of stems only (stem). For the purpose of this study, it was decided to include tops, that is, the total stem, in stem harvesting, as top diameter is changed deliberately depending on market conditions (see Table A1 for nomenclature).
Sampling
Measurements and sampling were performed in connection with the second thinning, which took place on 14-15 June 2000. The thinning trees were selected to ensure an even distribution of the remaining trees, with preference given to smaller trees and also to larger trees of low quality. Before felling, five sample trees were selected among the thinning trees in each fwth and dwth plot. Three sample trees were selected in each stem plot. All sample trees were chosen to represent the diameter range of the plots (minimum-maximum). The diameter range was divided into five intervals of equal length and a sample tree was selected randomly within each interval with a minimum distance of 5 m between them. In the fwth and dwth plots, all thinning trees were cut with a feller buncher and left in the strip roads in windrows, which were initially approximately 2-3 m wide and 1-1.5 m high. In the stem plots, all thinning trees were cut and delimbed with a harvester.
Diameter at breast height (1.3 m), total tree height from the ground, and crown height were measured for felled sample trees in the fwth plots prior to chipping of the individual trees. Crown height was defined as distance from the ground to the crown limit, which was further defined as the lowest whorl with at least two living branches. The chips of the individual trees were collected in the 16 m 3 large container of the chip harvester and tipped onto a 4 m Â 6 m tarpaulin on the ground. The chips from each tree were shovelled into boxes and weighed. One wood chip sample was removed per tree for determination of moisture content. The distribution of coarse and fine material in the chip pile was attempted to be reproduced by turning each cardboard box upside down over a plastic box containing six cups. One cup per cardboard box, for large trees every second cardboard box, was removed and pooled, resulting in one sample per tree. The sample fresh mass measured immediately after sampling was 2-3 kg.
In the dwth plots, whole trees were left to dry on the strip roads until 19-20 February 2001. The visual impression was that a large number of the needles had been shed, but that both green and brown needles still remained attached to the branches of the predried trees just before chipping. Measurements and sampling were performed as for fwth, except that crown height was not measured.
In the stem plots, diameter at breast height and tree height of sample trees were measured, and the total stem was weighed after cutting into manageable pieces. Two stem discs were removed from the middle of the upper and lower parts of the commercial stem and pooled into one sample. Additionally, one sample disc was removed from the middle of the noncommercial top. The top diameter was 5 cm. The bark was soft, owing to the late fellings, whereby a large part of it was unintentionally striped off by the harvester before weighing of stems and sampling of the stem discs. Consequently, stem nutrient concentrations and removals were expected to be lower in this study compared with stems from typical thinnings performed outside the growing season. No additional sampling was performed to quantify the percentage of bark stripped off and the consequences for stem nutrient removals.
In total, 90 trees were sampled. Fourteen trees were missing compared with the experimental layout (104 trees), owing to the time constraints of the entrepreneurs.
Biomass removals were also measured at stand level in the fwth and dwth plots by collecting the harvested chips from the individual plots in separate containers and weighing them at the heating plant. Wood chip samples were removed from the containers for determination of moisture contents and nutrient concentrations. The results of these stand level measurements of biomass and nutrient removals are shown in Table 2 with soil pools as background information for the results obtained from individual tree measurements.
Chemical analyses
The samples were dried at approximately 55 8C until constant mass for determination of moisture contents. The mean moisture content for wood chip or stem disc samples from the three harvesting intensities, fwth, dwth, and stem, were 48%, 47%, and 41% at klh and 53%, 46%, and 48% at mgh, respectively. SD was 2%-5%.
The dried samples from each tree were ground in a Retsch SM2000 mill with a 10 mm riddle and thereafter distributed evenly on a paper sheet. One of four equally divided quarters was randomly selected. This procedure continued until a subsample of about 5 g had been obtained. The subsample was ground in a Tecater sample mill with a 0.5 mm mesh sieve. The sample was mixed, and a subsample of about 150 mg was removed afterwards. The subsample was digested in concentrated nitric acid in a PTFE bomb in a microwave oven, and concentrations of P, K, Ca, and 
Statistical analysis and calculation
In our analyses, the dependent variables were total dry mass and nutrient contents of the individual trees (Y Z , where Z is N, P, K, Ca, or Mg). Y Z values were obtained by multiplying the nutrient concentrations of the individual wood chip sample (c Z ) by the amount of dry mass of the individual trees (Y DW , where DW is dry mass). Nutrient contents of stems were obtained by multiplying nutrient concentrations of the pooled sample by the dry mass of the commercial stem part, multiplying nutrient concentrations of the top sample by the dry mass of the top, and then adding these together. An overview of the nomenclature is given in Table  A1 .
The data exhibited heteroscedasticity, which is almost always the case for this type of data. Double logarithmic transformation is often used to stabilize the variance (Wirth et al. 2004; Zianis et al. 2005) , even if additional transformations have been applied (Marklund 1988) . In this case logarithmic transformations stabilized the variance. When logarithmic transformation is used, predicted values should be corrected to compensate for logarithmic bias when converted back to arithmetical scales. The correction factor (CF) is
where SMS is the sum of squared SDs of the random effects and the residuals (Flewelling and Pienaar 1981) .
Diameter at breast height is a powerful predictor of tree biomass (e.g., Marklund 1988; Wirth et al. 2004; Zianis et al. 2005) . This is a logical consequence of the allometric relationships within the tree; for example, the stem is approximately cone-shaped. Tree height, crown height or length, age, site index, and other variables may also add significantly to the amount of explained variance. In this study, the effect of age and site index was confounded with that of site, and crown height was only measured in fwth. The final tested predictors were diameter at breast height, d (cm) total tree height, h (m) crown height, ch (m) harvesting intensity, HI (fwth, dwth, and stem) site, S (klh and mgh) block, B (four blocks at each site) plot, PL (one plot per site and harvesting intensity)
Block was nested within site, and plot was nested within block and site (PL = B Â HI). The following analyses and calculations were performed:
A. Testing the fixed effects of diameter, height, harvesting intensities, and site and the random effects of block and plot on individual tree dry mass and nutrient contents.
Parameters of the final model were estimated. B. Testing fixed effects of diameter, height, and harvesting intensities and the random effects of site, block, and plot on individual tree dry mass and nutrient contents. Parameters of the final model were estimated, including correction for logarithmic bias. C. Testing models in which predictors were included successively to explore their importance as expressed by increase in R 2 . D. Quantifying the relative differences between different harvesting intensities and sites based on parameter estimates from A and B. E. Establishing equations for height and crown height.
Analyses A, B, and C formed the basis for discussing the influence of tree size, site, and stand conditions on biomass (4) 56 (16) 4 (1) 20 (7) 50 (15) 11 (4) mgh fwth
19 (3) 54 (18) 5 (2) 25 (9) 41 (6) 11 (3) dwth 20 (3) 51 (18) 4 (2) 19 (9) 46 (6) Note: See Table A1 for nomenclature. Values in parentheses are the SDs among the four plots. klh, Klosterheden National Forest; mgh, Mangehøje Forest; fwth, fresh whole-tree harvesting; dwth, dry whole-tree harvesting. and nutrient removals. The parameters of the final models from analyses A and B were used to quantify the relative differences in individual tree biomass and nutrient contents among harvesting intensities and between the two sites (analysis D). Analysis E provided a description of the stands in addition to Table 1 . The tests were performed using the SAS version 9.1 (SAS Institute Inc. 2002 using PROC MIXED with a lower boundary constraint of zero for covariance estimates (analyses A, B, and E), or PROC GLM (analysis C). The significance level was set to 0.05. Residuals were checked by graphical inspection of plots and by performing standard tests for zero mean and normality in PROC UNIVARIATE. The details of the analyses are described in Appendix A.
Results
Basic measurements
The measured variables varied greatly (Table 3) . Diameters were in the range of 6-22 cm, heights in the range of 6-15 m, individual tree dry masses in the range of 8-166 kg, and nutrient concentrations in the range of, for example, N from 0.5-4.8 mgÁg -1 . Diameters, heights, and crown heights were approximately at the same level for the two sites, with the slope of the diameter-height relationship being slightly steeper for klh compared with mgh ( Fig. 1) , whereas crown heights were not significantly different.
Influence of tested predictors
When site was included as a fixed effect, the main effect of diameter was significant and there was a significant interaction between site and height and site and harvesting intensity (Table B1 ; Fig. 2 ). The covariance of block and plot constituted 5%-30% of the residual variance. The random effects were not significant, but were nevertheless left in the model. Crown height was only measured for fwth plots, but for these plots the effect on individual nutrient contents was significant, except for P and K. The parameter estimates for crown height were negative, meaning that biomass or nutrient contents were larger for small crown heights and vice versa; that is, trees with taller crowns contained more biomass and nutrients.
When site was included as a random variable, the main effects of diameter, height, and harvesting intensity were significant, whereas no interaction among them were significant (Table B2) . For dry mass, the covariance of site constituted 4% of the residual variance, for P and K, 0%, and for N, Ca, and Mg, 22%-41%. The block covariance constituted 2%-24% of the residual variance. The random effects were not significant, but were nevertheless left in the model. The significance of crown height effects in fwth plots weakened when site was included as a random variable. It was how- Table A1 for nomenclature and units.
ever still significant for Mg and almost significant for N and Ca (p & 0.06). The largest part of the observed variance in dry mass, 92%, could be explained by diameter alone (Table 4) . When harvesting intensity was added to the model, 98% of the variance could be explained. For nutrients, diameter alone explained 41%-59% of the variance, and including harvesting intensity increased the explained amount of variance to 88%-95%. Including site, height, and significant interactions explained a further 1%-4% of the variance. When the fwth plots were analysed alone, the effect of crown height was significant, but it added <1% to the amount of explained variance when site, diameter, height, and the interaction between site and height were already included.
Differences in biomass and nutrient removals
The dry mass of predried whole trees was estimated to be 17% lower compared with that of fresh whole trees on both sites (Table 5 ). The 95% confidence intervals around the estimates ranged from 13% to 22%. The corresponding decreases in nutrient removals were largest for N, P, and K (35%-60%) and smaller for Ca and Mg (<32%). The reduction in nutrient removals decreased in the order (Table B1) , with solid lines for klh and broken lines for mgh. Input heights were calculated from diameterheight regressions (Fig. 1) . fwth, fresh whole-tree harvesting; dwth, dry whole-tree harvesting; stem, harvesting of stems only. Table A1 for nomenclature. P > K > N > Mg > Ca (60% > 56% > 43% > 32% > 24%) at klh, and K > N > P > Mg > Ca (50% > 36% > 35% > 26% > 2%) at mgh. The relative reduction in removals was higher at klh compared with mgh, 6-7 percentage points more for N, K, and Mg, whereas for P the figure was as much as 25 percentage points. Conclusions should be drawn with care for Ca at mgh. The measurements suggest that there is barely any difference between the Ca contents of fresh and predried trees. Considering the 17% dry mass loss, Ca concentrations should be considerably higher for wood chips of predried trees compared with wood chips of fresh trees. However, this was not the case at klh. The observed relative differences were different at stand level (Table 2) , for example, owing to differences in stocking and harvested numbers of stems. The biomass of stems was 35% and 42% lower compared with fresh whole trees at klh and mgh, respectively. The biomass of stems thus constituted a smaller part of the total aboveground tree biomass at mgh compared with klh. The nutrient removals were considerably lower compared with harvesting of whole fresh trees, especially for N, P, and K (84%-89%), but also to a lower extent for Ca and Mg (73%-80%): N > P > K > Mg > Ca (88% > 87% > 85% > 80% > 77%) at klh, and P > N > K > Mg > Ca (89% > 87% > 84% > 78% > 73%) at mgh. For stem harvesting, site differences were less obvious for nutrients compared with biomass.
Site interactions
The equation parameters showed that the effect of height on individual tree biomass and nutrient contents was positive at both klh and mgh, but with the slope being steeper for klh compared with mgh (Table B1) .
For all harvesting intensities, short trees of a certain diameter and height had a slightly greater dry mass content at mgh compared with klh, whereas the opposite was true for tall trees. The pattern was even more pronounced for nutrients, especially N, P, and K, where short fresh trees at mgh contained up to about twice as many nutrients compared with trees of similar diameter and height at klh. The contents of Ca and Mg for short trees were up to approximately 50% larger at mgh. For tall trees, the site differences were less pronounced, with tall fresh whole trees containing about 25% less nutrients at mgh compared with trees of similar diameter and height at klh.
Site differences to some extent interacted with harvesting intensity, even if the amount of explained variance increased <1% when this effect was included. As such, the abovementioned site differences were less pronounced for short predried trees and stems compared with short fresh whole trees. On the other hand, differences were more pronounced for tall predried whole trees and tall stems compared with tall fresh whole trees, especially for P.
Discussion
The results of this case study indicate that the reduction in biomass removals after predrying of whole trees from thinnings in Norway spruce is rather stable from site to site, whereas the reduction in nutrient removals varies more. This is possible if the material varies with regard to composition, that is, the percentages of nutrients in needles, branches, bark, and stem wood, but is reduced by the same amount in net biomass removals. Site differences may be due to initial site differences in the distribution of the biomass within the tree, the level of nutrient concentrations in the various tree components, and physical and chemical losses during predrying and harvesting. These issues are discussed below, showing also the difficulties for prediction; for example, when it is based on existing biomass equations and the simple assumption that all needles are left in the stand after predrying. There are substantial uncertainties in the estimation of needle percentages; not all needles are lost, and there is probably a significant loss from other biomass components than needles. Other more technical methods have been suggested or developed to reduce nutrient removals in whole-tree harvesting. The reduction in nutrient removals when applying such methods has to some extent been quantified, and an attempt to compare with predrying is made below. Evaluating the effects of intensified biomass and nutrient removals on site fertility requires that the whole rotation is considered together with the soil nutrient pool and other site characteristics. Focussing here on the efficiency of methods to reduce nutrient removals without jeopardizing biomass yields, we refer to Raulund-Rasmussen et al. (2008) for evaluations of sustainability.
Comparison with a similar study
Our results, showing that the reduction in biomass removals after predrying of whole trees from thinnings in Norway spruce is rather stable from site to site, whereas the reduction in nutrient removals varies more, are confirmed by a similar study in a 23-year-old Norway spruce stand on fertile soil in eastern Denmark (Møller 2000) . The biomass left after predrying was 16% compared with 17% in this study, with tree diameter and heights of the measured trees being within the same range. The reduction in nutrient removals was intermediate between those observed at klh and mgh, except for N and K, for which reductions were lower. As for klh and mgh, the reduction in nutrient removals was larger for N, P, and K compared with Ca and Mg. The decrease was in the order P > K > N > Mg > Ca (43% > 33% > 29% > 26% > 18%).
The stems seemed to hold a smaller percentage of the tree nutrients in our study compared with the 23-year-old stand in eastern Denmark. This was especially the case for K, but also for N, Ca, and Mg, whereas the mean percentages of biomass and P were similar. The bark unintentionally being stripped off by the machinery prior to weighing of stems and sampling of stem discs in our study could have contributed to such differences. In the 23-year-old stand, the difference in nutrient contents between stems and fresh whole trees decreased in the order P > N > Mg > Ca > K (88% > 84% > 73% > 72% > 71%).
Biomass distribution and nutrient concentrations
Site differences in biomass and nutrient removals may be due to differences in the initial distribution of biomass among different tree components. This distribution is affected by the overall available growing space within the stand, which is affected by, for example, age, productivity, initial stand density, and treatment history. The genetic material may also play a role. The distribution of biomass within the individual trees is also influenced by the tree's competitive status in the stand. For trees of similar diameter within a stand, shorter trees with a low competitive status must be expected to have proportionally smaller stem and crown biomass compared with taller trees with a higher competitive status. This could be called the ''intrastand effect.'' For trees of similar diameters in two different stands, however, it has been observed that shorter trees in one stand may have proportionally larger crowns compared with taller trees in the other stand (Marklund 1988; Wirth et al. 2004 ). Wirth et al. (2004) attribute this negative effect of tree height to the competitive environment, so that for two trees with the same diameter, the taller tree favours height growth at the expense of crown development. This could be called the ''interstand effect.'' The effects of crown height showed that the intrastand effect dominated in this study, but effects similar to interstand effects were also detected; short trees of similar diameters and heights contained less biomass at klh compared with mgh, whereas the opposite was true for tall trees. The explanation is probably that short trees at klh were more suppressed with smaller crowns compared with trees of similar diameters and heights in the younger and shorter stand at mgh. For dominant and more freely growing trees, this effect of competition seems to be to some extent levelled out or reversed.
Crown and needle percentages for sample trees from our study sites were estimated by the widely used biomass equations of Marklund (1988) and Wirth et al. (2004) , to see if these estimates adequately predicted site differences in the relative allocation of biomass to different tree components. The estimated needle percentages were substantially greater for trees at mgh compared with klh, regardless of the equation set used. As such, greater dry matter losses should be expected at mgh compared with klh after predrying. This was, however, not the case. This discrepancy could be due to less efficient needle shedding at mgh and to existing equations being developed from material reflecting interstand rather than intrastand effects. However, there were large differences in estimates of biomass allocation when different equation sets were used, and interpretations should be precautious; the estimated needle percentages were substantially greater when using Marklund (1988) compared with Wirth et al. (2004) , approximately 14%-21% versus 11%-12% at klh and 16%-22% versus 14%-15% at mgh. Furthermore, the estimates using Marklund (1988) decreased with diameter, whereas the estimates using Wirth et al. (2004) were rather unaffected by diameter.
The biomass of stems was estimated to be 42% and 35% lower than that of fresh whole trees for mgh and klh, respectively. This should approximately correspond to crown percentages of 42% and 35%, respectively. Crown percentages estimated by Marklund (1988) were slightly higher compared with estimates made by Wirth et al. (2004) . However, they were higher at mgh than at klh, regardless of the equation set used. The estimated percentage of crown for individual sample trees was in the approximate range of 40%-55% at mgh and 35%-50% at klh and decreased with tree diameter. Biomass equation estimates thus confirmed the observation that percentages of crown were greater at mgh, but it is likely that crown biomass was still overestimated for small trees, owing to existing equations reflecting interstand rather than intrastand effects of competition.
Stem biomass may also be influenced by competition. Both stem form and wood densities are affected by available growing space and growth rate, as expressed for example by thinning regime (Mäkinen and Isomäki 2004) and annual ring width (Olesen 1976; Wilhelmsson et al. 2002) , respectively. Wirth et al. (2004) concluded that the proportion of biomass allocated to the stem was unaffected by the competitive status of the tree, but a large number of observations and a strict statistical design might be necessary to demonstrate these more subtle effects.
Observed site differences in the reduction of nutrient removals may also be influenced by different initial nutrient concentrations of the different tree components. The nutrient concentrations in biomass may vary by a factor of two (Kimmins et al. 1985) . However, similar soil types and the geographical vicinity of the two sites make large differences in nutrient concentrations between the two sites unlikely. Both stands were growing on nutrient poor soils (Sundberg et al. 1999; Nord-Larsen 2002) with nutrient concentrations of current year needles in 1990 and 1993 being in the deficiency range for N and in the optimum range for Ca and Mg (Braekke 1994; Nord-Larsen 2002) . The P status was slightly better at mgh, being at just below optimum as opposed to strong deficiency at klh. The nutritional status of K on the individual sites differed between the 2 measured years.
Physical and chemical matter losses
The present study did not allow for distribution of the dry matter losses to the different tree components, either physical or chemical. To the knowledge of the authors, such information is not available for whole trees from thinnings, whereas several studies exist for logging residues stored under different conditions (Mäkelä 1977; Thörnqvist 1984; Flinkman et al. 1986; Jirjis and Lehtikangas 1993; Lehtikangas and Jirjis 1993; Nurmi 1999) . For example, Thörnqvist (1984) found that storage of Norway spruce logging residues in piles on the clearcut from April to October and April to April the following year caused a total dry mass loss of approximately 25% and 33%, respectively. The initial shares of needles, twigs and bark, and wood were about 20%, 28%, and 45%, with 7% being dust from all components. Of the original needle, twig and bark, and wood dry mass, approximately 65%, 50%, and 0% had been lost by October and 75%, 75%, and 10% by April the year after. A large part, but not all of the needles, was thus lost, and there was a significant loss of biomass from other crown components.
Part of the dry matter loss in connection with predrying is due to decomposition. Nurmi (1999) found that after 1 year, the mean decomposition of needles from logging residues stored in piles on the clearcut and in a windrow was 1.8% and 0.6% per month, respectively. For Norway spruce residues stored in piles on a clearcut from February to September, a mean decomposition rate of 2% per month was found . When the material was hauled into a windrow in May and kept there until January, the mean decomposition rate was 1% per month. If the windrow was covered with impregnated paper, the mean decomposition rate decreased to 0.2% per month. With a decomposition rate of, for example, 1% per month, the dry matter loss due to decomposition would be approximately 6% after 6 months and approximately 11% after 12 months of storage. However, dry matter losses from coarser material such as whole trees should, with all other things being equal, be lower than losses from finer logging residues.
Despite differences in quality of the material, storage conditions, and climate compared with studies made on logging residues, it is likely that a considerable part of the dry matter lost from fresh whole trees was caused by physical loss from other parts of the crowns than needles, and to some extent, also by decomposition losses. Part of the nutrients lost from predried trees could also be due to leaching from fresh needles, bark, and decomposing material. K is especially mobile and leached by rain (e.g., Pajuste et al. 2006 ). This may explain why the removal of K was highly reduced after predrying (Table 5) . Additionally, losses occur during harvesting and chipping.
Technological solutions
Predrying of whole trees and logging residues increases the quality of the forest biomass as a fuel. The moisture content normally decreases, even if not convincingly in this study, and the mean percentage of ash is lower in wood relative to the high ash contents in needles and fine parts. But predrying also reduces the cost-effectiveness of the harvesting operation, since an additional intervention in the stand is needed (Asikainen et al. 2002) and combustion technology has developed, resulting in the moisture content of fuel now being a less important quality factor in some cases. Hakkila (2003) therefore suggests that harvesting techniques be developed to reduce the nutrient removals to acceptable amounts.
It is possible to design boom-tip mounted heads that both compact and semidefoliate trees that are harvested as whole trees (Bergström et al. 2007 ). This is also the case for bundling machines primarily designed for logging residues, which could also be used for other tree parts (Ö hlund 2003). The above-mentioned technical solutions generally reduce the dry mass removals by 10%-19% (Lopéz 2000; Ö hlund 2003; Bergström et al. 2007) , which is similar to the level achieved by predrying. If there is a requirement for greater reduction in biomass and nutrient removals, this can be solved with technical equipment designed for that, for example, feed-rollers with sharp edges or chippers with fine particle segregation. The boom-tip mounted head mentioned above reduced the amount of harvested biomass by 11%-15%. Ash contents in the removed material were correspondingly reduced by 35%-50% (Bergström et al. 2007 ). Compared with these technical solutions, it is evident that a larger proportion of nutrient rich material is left in the forest during predrying. This is also the case for adjusted harvesting techniques, such as leaving the tops on the site. According to Hakkila (2003) , leaving a 3 m top in pine approximately halves the removal of needle biomass. Other methods suggested by Koistinen and Ä ijälä (2005) include leaving a 1-1.5 m top and the smallest trees or debranching of bundles when more trees are handled together.
Conclusions
We studied the biomass and nutrient removals in thin-nings of 39-and 48-year-old Norway spruce stands for three contemporary harvesting intensities: removal of fresh whole trees, predried whole trees, and stems only. Individual trees were removed and measured, and their level of biomass and nutrient contents were compared. Compared with removal of fresh whole trees, the biomass removals decreased 17% after predrying, with limited variation between sites. The corresponding decrease in nutrient removals varied more between sites, and the decrease was generally larger for N, P, and K compared with Mg and Ca. For N, P, and K, the reduction in nutrient removals ranged between 35% and 60% and for Ca and Mg it was <32%. When only stems were removed, the biomass removals decreased by 35% and 42% for the two sites compared with fresh whole trees. The corresponding decreases in nutrient removals were 84%-89% for N, P, and K and 73%-80% for Ca and Mg.
Across all three harvesting intensities diameter alone explained 92% of the observed variation in individual tree biomass and >41% of the variation in nutrients contents. When harvesting intensity was included, >98% of the variance in biomass contents and >88% of the variance in nutrient contents could be explained. The interactions between site and tree height and site and harvesting intensity were significant but did not add much to the amount of explained variance.
A major question was the completeness of needle shedding after predrying and the possibility of estimating biomass and nutrient removals by use of existing biomass functions. To address this, estimates of percentages of needles were calculated for the sample trees based on available biomass functions from Sweden and Central Europe, respectively. The calculated estimates were very variable, depending on the set of equations used, but not clearly higher than the observed 17% biomass loss. As shown for drying logging residues by other studies, it is likely that the biomass loss came from several tree components, such as needles, branches, twigs, and bark. It may be concluded that estimates based on existing biomass equations are uncertain, and that this uncertainty is likely to be even greater for nutrient removals. Nevertheless, the acceptable level of bias and uncertainty depends on the user's need for, for example, modelling of nutrient balances or expert evaluations of the effects of nutrient removals on site fertility and future growth.
A second question was the efficiency of predrying compared with various technical solutions that leave a part of the fresh biomass on the site. Results from the literature showed that a similar reduction in biomass removals can be obtained by technical solutions. Owing to differences in the composition of the material, however, the efficiency of technical solutions is lower when it comes to leaving nutrients onsite without decreasing biomass yields. A fundamentally different approach to mitigating potential adverse effects on site fertility is to fertilize and (or) recycle wood ash (e.g., Emilsson 2006) . If compensation fertilization is accepted as a mitigation method alone, biomass yields can be maintained for the benefit of cost-efficiency in harvesting, even if this is reduced somewhat by fertilization costs.
A.
The full model when testing site as a systematic effect was
For DW and all nutrients, all fixed main effects and the interactions between site and height were significant. The interactions between site and harvesting intensity were only significant for Z = DW, P, and almost for Ca, but the effect was included in the final models for all nutrients. Even if block and plot effects were not significant (WALD-Z test, option COVTEST), they were also included into the final model:
The additional effect of crown height was analysed for the data for fresh whole tree harvesting (fwth) separately. The block and plot effects were identical in this case, and therefore only block was included. The interaction between site and crown height was not significant for any values of Z and the final model was
The full model when testing site as a random effect was
The main fixed effects were significant. The interactions between harvesting intensity and diameter and height were not significant. The interactions between harvesting intensity and diameter were close to significant for P (p = 0.061) and K (p = 0.053), but still left out. None of the random effects were significant (WALD-Z test), but they were, however, included in the final model:
Parameters were estimated in PROC MIXED, and after correction for logarithmic bias, the prediction function was
To explore the importance of the different explaining factors R 2 was obtained from a number of successive models analysed in PROC GLM, adding one effect at a time, starting with Note: klh, Klosterheden National Forest; mgh, Mangehøje Forest; fwth, fresh whole-tree harvesting; dwth, dry whole-tree harvesting; stem, harvesting of stems only. and ending with
The factors were included according to the decreasing size of the sum of squares (SS) from a type III test, Z = DW. Data for fwth were analysed alone in the same manner including only crown height. The first model in the successive test was A7 and the last model was
Based on model A2, the relative differences in dry mass contents among harvesting intensities could be estimated. As there was no interaction between harvesting intensity and numerical predictors, the estimates were constants that were independent of tree size for each site and harvesting intensity:
where HI is dry whole-tree harvesting (dwth) or stem harvesting (stem) and S is Klosterheden National Forest (klh) or Mangehøje Forest (mgh). The constant expresses the relative difference (%) in biomass or nutrient removals when trees are predried or when only stems are removed, compared with removal of the whole fresh trees. These relative differences were similarly calculated based on model A5.
Values and confidence intervals of the combined parameters were estimated in PROC MIXED using ESTIMATE including option CL and transformed back to arithmetic scales. The site differences in biomass levels could be estimated similarly based on model A2. As there was a significant interaction between site and height, the site differences were height dependent:
where HI is fwth, dwth, or stem. The constant expresses the biomass or nutrient content of a tree at mgh relative to that of a tree at klh of similar diameter and height. Values of the combined parameters, intercept and slope, were estimated in PROC MIXED using ESTIMATE.
E.
Allometric relationships were modelled for predictor variables of sample trees. For height, the full model was
The effect of site alone was not significant (p = 0.16), whereas the interaction between site and diameter was. Random effects were not significant either. Nevertheless, all effects of the full model were finally included. The full model for the crown height was
The effect of site and its interactions with diameter and height were not significant. The main effect of site was however left in the model. The effect of block was not significant either, but also left in the model: 
